Hall-conductivity sign change and fluctuations in amorphous Nb z Gei_a; films 
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The sign change in the Hall conductivity has been studied in thin amorphous Nbi-zGe^a; w0.3) 
films. By changing the film thickness it is shown that the field at which the sign reversal occurs 
shifts to lower values (from above to below the mean-field transition field H C 2) with increasing film 
thickness. This effect can be understood in terms of a competition between a positive normal and 
a negative fluctuation contribution to the Hall conductivity. 



PACS numbers: 74.25. Fy, 74.40. +k, 74.80.Bj 



I. INTRODUCTION 



One of the puzzling and intriguing phenomena in type- 
II superconductors is the sign change in the Hall effect 
near the mean-field transition at the upper critical field 
H C 2- Such a Hall anomaly has been observed in some 
conventional low-T c superconductors, such as moderately 
disordered Nb and V and amorphous MoSi |^|,|| and 
MoGe 0] films, as well as most high-T c superconductors 
(HTSC) Q. Hagen et al. || pointed out the importance 
of the electron mean-free path for the Hall anomaly and 
concluded that very clean and very dirty materials do not 
show Hall anomalies. However, studies on amorphous 
dirty superconductors contradict this conclusion |^-f||. 

Recent phenomenological approaches based on the 
time-dependent Ginzburg-Landau (TDGL) equation 
have qualitatively explained the sign anomaly |^-^]. In 
these theories, the sign reversal is just a consequence 
of the difference in sign between the normal (or quasi- 
particle) term and the superconducting fluctuation (or 
vortex flow) term of the Hall conductivity. Several au- 
thors ||-[l2| have derived the sign of the fluctuation (vor- 
tex flow) term from the TDGL equation for BCS super- 
conductors. Recent experimental studies on HTSCs Jb| 
have pointed out that the sign predictions of these theo- 
ries are not correct for HTSCs, but they should be valid 
for BCS superconductors. 

Even if the sign of the Hall fluctuation conductiv- 
ity were clear, its temperature and field dependence 
is a matter of discussion. Recent experimental stud- 
ies on YBa 2 Cu 3 07-5 films @ - |i6| and single-crystalline 
Bi 2 Sr 2 CaCu20 8+< 5 and Bii.95Sri. 65 Lao.4Cu06 +< 5 @ 
have observed that the sign change takes place above H C 2, 
while other studies have claimed that the sign anomaly 
takes place below H C 2 . In this problem, the definition of 
H C 2 as well as the temperature and field dependence of 
the Hall fluctuation conductivity is very important. 

As reported in conventional amorphous films pH as 
well as HTSCs, the longitudinal conductivity in a per- 
pendicular magnetic field shows a smooth crossover from 
the paraconducting regime to flux flow regime around 
H C 2, which is strikingly different from the picture of 
the conventional fluctuation theory in which the con- 



ductivity due to the direct fluctuation contributions of 
the Aslamazov-Larkin (AL) process diverges at H C 2 [|l9| . 
Thus, it was difficult to define H C 2 correctly from the 
fluctuation theory. Recent TDGL theories ||, however, 
have successfully explained the smooth crossover around 
H C 2 by taking into account the interaction term of su- 
perconducting fluctuations of the AL process within the 
Hartree approximation. Later, Ullah and Dorsey (UD) 
developed this further and proposed a scaling theory 
for the longitudinal and Hall conductivities. This scaling 
approach is very useful to determine H c2 correctly and 
to describe the field and temperature dependence of the 
conductivities. 

In this paper, we present measurements and analysis of 
the longitudinal and Hall resistivities p xx and p yx for thin 
amorphous (a-) Nbi-^Ge^ (x « 0.3) films (T c w 3K) 
according to the TDGL theories. We confirm that the 
smooth crossover in the longitudinal conductivity around 
H c 2 is well explained by the UD scaling theory as was 
found previously [^0| , and determine H C 2 . We then show 
that for the thinner films the sign change in the Hall con- 
ductivity takes place above H c2 . Contrary to results on 
HTSCs, we show that the sign of the Hall conductivity is 
consistent with the TDGL theory for BCS superconduc- 
tors. We discuss the origin of the sign reversal observed 
here. 



II. EXPERIMENTAL 



The films used in this study were deposited by rf sput- 
tering on Si substrates held at room temperature in a 
system with a base pressure of 10~ 6 mbar, using ICP 2 
mbar Ar gas as a sputtering gas. The thickness as used 
were 16, 34, 60 and 163nm. X-ray diffraction showed 
the films to be amorphous. The average composition for 
each film was determined by electron microprobe analy- 
sis. The distribution in the composition 5x is less than 
1%. The superconducting mean- field transition temper- 
ature in zero field, T c , was determined from the temper- 
ature dependence of resistivity by using the AL fluctu- 
ation theory p5[ ]. From a previous systematic study on 
a-Nbi^Ge-j, films p4[, the distribution of T c due to Sx 
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is estimated to be less than 18mK (ST/T C < 6 x 1CT 3 ) 
around x = 0.3. Except for the film thickness, these films 
have the following identical parameters; the average com- 
position x ~ 0.3, T c 3K, the normal state resistivity 
p n xx w 2.2^Qm, S = -d(p H c2 )/dT\ Tc m 2 T/K, the GL 
coherence length at T=0 £gl(0) ~ 7.3 nm and the GL 
parameter for dirty limit k ~75. These films were ion- 
etched in 200/^m wide strips with 8 voltage and 2 cur- 
rent contacts. The longitudinal and Hall resistivities are 
measured by a conventional dc four-probe method. The 
longitudinal component due to the misalignment in the 
Hall probes was subtracted by reversing the field direc- 
tion. The films arc immersed in liquid 4 He to obtain good 
thermal contact. The magnetic field is normal to the film 
surface. The normal resistivity p xx in the temperature 
range of 1.5 K< T < 5 K has a small temperature coef- 
ficient [pl^dplJdT ~ -10- 4 K" 1 . 

III. RESULT AND DISCUSSION 

In this study, p xx (= E x /J x ) and p yx {= E y /J x ) were 
measured as a function of H (\p H\ ^8T) at various T. 
Figures 1 (a) and (b) show the field dependence of the 
longitudinal a xx (= p xx /(p xx + P yx )) an d Hall conductiv- 
ities a xy (= p yx /{p xx + Py\ x )) at different T for the 34nm 
thick film with T C =2.77K. To reduce the effect of pin- 
ning in the mixed state, the measuring current density J 
was selected to be l-4xl0 7 A/m 2 which is much higher 
than the depinning current density J c (^ 10 5 A/m 2 ), 
but smaller than the depairing current density (~ 10 10 
A/m 2 ). 

Far above T c , a xx is field independent while a xy is di- 
rectly proportional to H, that is, the normal state Hall 
effect appears. The normal state Hall conductivity a xy 
has a positive sign. Within the Drude model, the normal 
state Hall angle, tan (9^, is given by 

t a n9 n H = a2 y /^ x =cj c r, (1) 

where lo c is the cyclotron frequency and r is the elastic 
scattering time of electrons. Compared with typical re- 
sult on HTSCs (uj c t ~ 10 -2 at p a H = IT), the present 
films have very small value of uj c t ~ 10~ 5 at poH = IT, 
indicating the very small mean-free path to be expected 
for amorphous metals. 

Near and below T c one can clearly see that a xy changes 
sign at a certain field H* in Fig. 1(b). We do not observe 
any second sign change below H*, in contrast to what 
has been reported for several HTSCs . Far above H* , 
a xy recovers the direct proportionality to H and the nor- 
mal state Hall effect appears again, indicating that the 
superconducting fluctuations are completely suppressed 
by magnetic field. We therefore can define a xy below T c 
unambiguously. 

In order to determine H C 2, we use the UD scaling the- 
ory. According to this theory, the longitudinal conductiv- 
ity is composed of the normal (or quasiparticlc) term a xx 



and superconducting fluctuation (or vortex flow) term 
8a xx , and expressed as 

&xx = <? xx +$Vxx- (2) 

Sa X x interpolates smoothly from the paraconducting 
regime to flux flow regime around H C 2 and obeys uni- 
versal scaling functions F± where F + (F_) is the scal- 
ing function for H > H c2 (H < H C 2). These functions 
depend on the dimensionality governed by the ratio of 
the film thickness d and the length scale £ for fluctua- 
tions of the order parameter near H C 2 . For the thickness 
of the films in this study we can apply two-dimensional 
(2D) scaling functions ^0|. At each T we identify a xx 
with a xx taken at a field (typically 7T) where a xy de- 
pends linearly on field and a xx is field independent. 
8a xx is obtained by subtracting a xx from a xx . Figure 
2 shows a typical scaling result. Here, the data are 
plotted above H C 2(T)/3 where the lowest Landau level 
(LLL) approximation for the scaling functions is valid 
pCfl . One can clearly see that the scaled longitudinal fluc- 
tuation conductivity F 2 f (= 8a xx /(Ca^ x (Al D t/h)^ 2 )) 
collapses on two universal curves F± as a function of 
the scaled field x 2D given by x 2D = en / \J J^fth, with 
(h = fJ*a{H — H C 2(T))/ ST C , although deviations are vis- 
ible at large \x 2D \. Here, t = T/T c and h = p H/ST c 
are normalized temperature and field, respectively. C is 
related to the real part of the relaxation time of the or- 
der parameter 7 = 71 + 172. We take a dirty limit value 
of C — 1.447 pQ). The strength of thermal fluctuations 
for 2D system, A 2D , is given by A 2D = As/2GI£gl (0) /d 
where Gi(~ 5 x 1CP 6 ) is the Ginzburg number p6[ |. Very 
close to H C 2, deviations due to the inhomogeneity in the 
composition 5x become apparent. Hence, we do not plot 
the data in fields \e H \ < (1/2)6T C /T C « 3 x 10" 3 , which 
roughly corresponds to \x 2D \ < 0.2. In such a scaling 
plot, the unknown parameters are S and H C 2(T). In the 
temperature range close to T c , they are connected by the 
simple relation H C 2(T) = S(T C — T). We first determine 
S from the scaling collapse of the data close to T c and 
this S value is used to determine H C 2 far below T c in the 
scaling analysis. Thus, we can unambiguously determine 
H C 2 from the scaling collapse of the data. 

Before proceeding to the result of the H C 2 line, we com- 
pare the scaling functions F± with those predicted in the 
UD theory. The UD theory implies that the 2D universal 
functions F± D in the high field limit are given by 

x 2D = 1/F 2D -F 2D , (3) 

if the pinning effect in the flux flow regime is negligible 
and the fluctuation conductivity in the paraconducting 
regime is dominated by the direct fluctuation contribu- 
tions of the AL process. These functions are applicable 
to the field range where the LLL is satisfied. The solid 
lines in Fig. 2(a) denote these universal functions. F± 
agrees well with F± D near i/ c2 (— 1 < x 2 d ^ 6), while 
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deviations are visible in the large |a; 2D | regime. In the 
paraconducting regime, F + decreases much faster than 
F 2D above x 2D ~ 6. Such a rapid decrease in Sa xx was 
also observed far above H C 2 in amorphous thick films 
and attributed qualitatively to a phenomenological short 
wavelength cutoff in the fluctuation spectrum (^2|. For 
the other films (d=l6 and 60nm) except for the thickest 
film (d=163nm) ]27|] , similar deviation of F + begins to 
appear at almost the same value of x 2D rs 6, although 
the physical origin of the short wavelength cutoff is not 
clear. The definition of cr™ x does not affect this behavior 
because the field at which a™ x is defined is much larger 
than the fields of interest. Hereafter, we regard x 2D = 6 
as the phenomenological boundary below which Sa xx is 
well described by the UD scaling theory, and discuss our 
data below this boundary. 

From the scaling collapse of Sa xx we obtained the 
H C 2 line for films with different thickness. To compare 
those results, we plot the normalized mean-field value of 
fiQH C 2/ST c (= h c %) against normalized temperature T/T c 
for different films in Fig. 3. Good agreement is seen 
for H C 2 of all films. The solid line represents the mean- 
field line for the dirty limit in the Werthamer-Helfand- 
Hohcnberg (WHH) theory, which is given by 

In(t) = *(l/2) - *(l/2 + (2/tt> c2 A) (4) 

where \& is the digamma function [p8[ . The H C 2 line 
obtained is well approximated by this relation, giving 
experimental support for the validity of the UD scaling 
theory. 

Next, we turn to results of the Hall fluctuation conduc- 
tivity. In the TDGL theories [Q, the Hall conductivity 
also consists of a normal (or quasiparticle) term and a 
superconducting fluctuation (or vortex flow) term, 

a xy (H, T) = a% (H, T) + 5a xy (H, T) . (5) 

Hence, we subtract a xy (H,T) from a xy (H,T), and plot 
Sa xy (H,T) against H in Fig. 1(c). The plot shows that 
5a xy always has a negative sign. H C 2 is denoted by 
the long arrows. With decreasing H the magnitude of 
5a xy increases monotonically and grows as l/H at low 
-HY-C H C 2) (not shown) as the TDGL theories predict 
p9| . Thus, the sign reversal of a xy at H* always takes 
place when 5a xy and cr xy are different in sign. Beforehand 
it is not clear whether or not H* is above H C 2, because 
a xy and Sa xy depend in different ways on the electronic 
structure of the material. As one can see in Fig. 3, in 
the thinnest film H* (denoted as open symbols) is al- 
ways above H C 2 but below the phenomenological bound- 
ary where scaling analysis starts to fail. It may be worth 
pointing out that H * decreases monotonically with rising 
T and terminates finally at a certain T* above T c0 in zero 
field. With increasing d, H* moves systematically closer 
to H C 2 and it finally shifts below (but very close to) H C 2 
for the thickest film, implying that the contribution of 
the negative 8a xy to positive a xy decreases with increas- 
ing d. These results support the view that enhancing 



the superconducting fluctuations by reducing d leads to 
an increasing negative Hall conductivity working against 
positive a xy , which is responsible for the sign reversal 
above H C 2. 

We now discuss the field and temperature dependence 
of 8a xy , in comparison with the UD scaling theory. Ac- 
cording to this theory, Sa xx and Sa xy have the same field 
and temperature dependence and their ratio should be in- 
dependent of H and T. Note that 5a xy /Sa xx = —72/71, 
the ratio of the imaginary and real part of 7 . We did 
not find scaling of Sa xy . A recent study on YBa2Cu307_5 
films |l4| has pointed out that the failure of the scaling 
of 5a xy can be attributed to the additional contributions 
of the MT process, which are not taken into account in 
the UD theory. However, the MT process cannot explain 
the present result because the strong pair breaking effect 
in the amorphous dirty films should lead to a small con- 
tribution ^||,^0). As one can see in the inset of Fig. 4(a), 
contrary to the UD scaling theory, —Sa xy /5a xx at H C 2 
increases monotonically with cooling. Similar temper- 
ature dependence of —Sa xy /Sa xx has been reported for 
amorphous MoSi films ||. We conclude that the main 
reason for the scaling failure is the temperature depen- 
dence of 72/71- Further microscopic calculations based 
on the BCS theory are required to explain this effect . 

The field dependence of —Sa xy /Sa xx is shown in Fig. 
4 (a) for two current densities. In the field range (— 1 < 
x2D ^ 6) where 5a xx follows the UD scaling theory, 
—5<J xy /8a xx is independent of J and depends only weakly 
on x 2D . As one can see in Fig. 4 (b), however, in the same 
field range both conductivities change almost one decade 
in magnitude and their dependences on x 2D look very 
similar. Hence, we believe that both 5a xx and 5<r xy in 
the paraconducting regime (0 < x 2D < 6)) are domi- 
nated by the direct fluctuation contributions of the AL 
process and thus the contributions of the AL process are 
responsible for the sign change of the Hall conductivity 
above H C 2- 

Finally, we discuss the origin of the sign in a xy and 
5a xy for our amorphous films. The sign of a xy depends 
on the sign of the group velocity v{= (l/H)de/dk) of elec- 
trons at the Fermi level where s is the energy and k is 
the wave number. Because of the absence of band struc- 
ture, the amorphous materials are generally more free- 
electron-like than their crystalline counterparts. There- 
fore, the simple amorphous metals generally have nega- 
tive a xy because of a positive group velocity (v oc k > 0) 
Iplj . Most of the amorphous transition metals (TMs), 
however, have positive a xy J3^|. The origin of this posi- 
tive cr" has been attributed to the s-d hybridization in- 
teraction in the TM, which leads to a negative group ve- 
locity (de/dk < 0) at the Fermi level if the Fermi energy 
e F lies within the d-band {5§-§4j. The TM-metalloid 
type amorphous superconductors NbGe as well as MoGe 
and MoSi belong to amorphous TMs and have positive 

In the TDGL theory based on BCS superconductors by 
Nishio and Ebisawa |1Q], the sign of Sa xy is determined 
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by the electron-hole asymmetry, i.e. by the sign of —N', 
where N'(= dN(e)/de\ e=eF ) is the energy derivative of 
the density of states (DOS) N(e) at the Fermi energy. 
Numerical calculations of the DOS for e.g. amorphous 
Ni |53| imply that the total DOS near ep is dominated 
by the DOS for the d-band whose energy dependence 
is characterized by a peak near the center of d-band Ed 
and roughly approximated by a parabolic energy depen- 
dence with negative curvature, i.e., N{e) cx — (e — Ed) 2 - 
Similar energy dependences of the total DOS have been 
commonly observed for various amorphous TM-metalloid 
alloys by photoemission experiments |}5). Because Nb 
is a less than half filled 4d-band metal, Ef lies below 
the center of the 4d-band Em- Thus, a-NbGe films have 
positive N'. The same argument holds for a-MoGe and 
MoSi, since Mo is also a less than half filled 4d-band 
metal. Thus, sgn(5a xy )=sgn(—N') < in both a-NbGe, 
a-MoGe and a-MoSi films These findings give ex- 

perimental support for the prediction of the sign of Sa xy 
in the TDGL theory for BCS superconductors. 



IV. SUMMARY 

In summary, we have measured the longitudinal and 
Hall resistivities for thin films of the dirty superconduc- 
tor a-Nbi-^Ge^ (x ~ 0.3) near H C 2- We confirm that 
5(j X x obeys the 2D scaling functions of the UD fluctua- 
tion theory. We find a good agreement of the obtained 
H C 2 line with the WHH theory, supporting the scaling 
procedure. The failure of the scaling collapse of Sa xy 
is attributed to the temperature dependence of 72/71- 
The Hall conductivity a xy in thinner films shows a sign 
change at a certain H* which is above H C 2 but in the 
regime where a xx follows the UD theory. With increas- 
ing film thickness, H* moves closer to H C 2 and it finally 
shifts below (but close to) H C 2 for the thickest film. The 
negative contribution of the superconducting fluctuations 
of the AL process working against positive a xy is respon- 
sible for the sign change above H c n- The negative sign of 
5a xy in the present films is consistent with the electron- 
hole asymmetry in the framework of the TDGL theory 
for BCS superconductors. 
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FIG. 1. The field dependence of (a) the longitudinal, (b) 
Hall and (c) Hall fluctuation conductivities at different T of 
2.08K(o), 2.20K(D), 2.47K(A), 2.60K(<» and 3.71K(V) for 
a 34nm thickness film. The short and long arrows denote the 
sign reversal field H* and the mean-field transition field H C 2, 
respectively. 

FIG. 2. The scaled fluctuation conductivity plotted as a 
function of |x 2D | at different T of 2.08K, 2.20K, 2.47K and 
2.60K. The current density J is 2.94xl0 7 A/m 2 except for the 
curve at 2.08K where J=1.47x 10 7 A/m 2 . The symbols cor- 
respond to those in Fig.l. The solid curves represent the 2D 
universal scaling functions F± . S is found to be 2.16 from 
the scaling collapse of the data taken at 2.47K and 2.60K 
close to T c = 2.77-fsT. The H c2 values for 2.08K and 2.20K are 
determined from the scaling collapse of the data using this S 
value. 

FIG. 3. n H c2 /ST c plotted as a function of T/T c for dif- 
ferent films of 16nm(B), 34nm(«), 60nm(A) and 163nm(+) 

thickness. The solid curve represents the mean-field line in 
the dirty limit for the WHH theory. The corresponding open 
symbols show fioH* / ST C for the same films plotted against 
T/T c . The dashed and dashed-dotted lines represent the phe- 
nomenological boundaries (given in text) for 34nm and 16nm 
thickness films, respectively. For clarity, the boundary for 
60nm is not shown. 

FIG. 4. (a) The ratio of the fluctuation conductivities, 
—Sa xy /5a xx , plotted as a function of x 2D at T — 2.08K for 
the 34nm thickness film with different J of 1.4kA/cm 2 (o) and 
4.4kA/cm 2 (D). (b) The corresponding longitudinal (o, □) 
and Hall fluctuation conductivities (•, ■) are also plotted as a 
function of x 2D with different J. Inset in (a) shows the T/T c 
dependence of 72/71 (= —8a xy /5a xx ) at H C 2 with different 
thickness of 16nm(D), 34nm(o), 60nm(A) and 163nm(0). 
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